Delta-alumina (¤-Al 2 O 3 ) nanopowders and c-plane sapphires (¡-Al 2 O 3 ) were nitridated under a mixed gas flow of nitrogen and methane. The ¤-Al 2 O 3 nanopowders began to be converted to aluminum nitride (AlN) at 1300°C with phase transformation to ¡-Al 2 O 3 but were not completely converted to AlN even after 10 h at 1600°C. The X-ray diffraction pattern and cross-sectional high-resolution transmission electron microscopy image of the nitridated sapphire showed the orientation relationship of AlN[0001]««Al 2 O 3 [0001] in the growth and the formation of an amorphous AlO x N y interlayer between the AlN layer and the sapphire substrate. This formation strongly supported the reaction mechanism in which Al 2 O 3 converts to AlN through solid-state intermediates in the carbothermal reduction and nitridation reaction.
The carbothermal reduction and nitridation (CRN) method has been used for the commercial preparation of aluminum nitride (AlN) powder from alumina (Al 2 O 3 ) powder under a flow of nitrogen (N 2 ). 1) The conventional CRN reaction is expressed by the equation: The method involves the intimate mixing of Al 2 O 3 with carbon powder and the burning up the excess carbon. A previous study showed that gaseous carbon greatly reduces the nitridation temperature of Al 2 O 3 . 2) Therefore, Al 2 O 3 powder may be converted to AlN by calcination under a mixed gas of N 2 and methane (CH 4 ) without being mixed with carbon powder because the thermal decomposition of CH 4 gives gaseous carbon.
In this note, ¤-Al 2 O 3 nanopowders and sapphires (¡-Al 2 O 3 ) were nitridated under a mixed gas flow of N 2 and CH 4 to examine their conversion to AlN. The reaction system in this study is very similar to that in the CRN method except that Al 2 O 3 powder is not used without being mixed with carbon. To the best of our knowledge, this is the first report on the nitridation of sapphire by the CRN method using an N 2 gas. Most studies on the nitridation of the sapphire surface have been focused on improving the morphological and optical properties of GaN film by reduction of the lattice mismatch between GaN and the sapphire substrate. 3)5) One method to nitridate the sapphire surface prior to GaN growth is to chemically convert the substrate surface using ammonia (NH 3 ) and a nitrogen plasma as nitrogen sources. 3)10)
The Al 2 O 3 nanopowders (<50 nm, Sigma-Aldrich Co.) in an alumina boat were placed in an alumina tube with an inner diameter of 34 mm and calcined for 10 h under a mixed gas flow of N 2 and CH 4 (0.1 vol %) (hereafter, 0.1 vol % CH 4 /N 2 ) in the temperature range of 13001600°C. The sample was taken from the furnace after it had cooled to room temperature. The gas flow rate and ramping rate were 200 ml/min and 5°C/min, respectively. The c-plane sapphire was cleaned through sonication in organic solvents (trichloroethylene, acetone, and methanol) and rinsed with deionized water. The sapphire was located on an alumina boat and nitridated at 1500°C for 5 h under a flow of 0.1 vol % CH 4 /N 2 . The product samples were characterized by powder X-ray diffraction (XRD) with a PANalytical X'Pert PRO MPD X-ray diffractometer with Cu-K¡ radiation operating at 40 kV and 30 mA. The morphology of the sapphire surface was investigated by scanning electron microscopy (SEM, Hitachi S-4200). The high-resolution transmission electron microscopy (HRTEM) images and selected area electron diffraction (SAED) patterns were recorded by a Cs-corrected high-resolution TEM (JEM-2200FS, JEOL) operated at 200 kV. The TEM sample was prepared by using a focused ion beam (FIB) (Helios Nanolab, FEI). Figure 1 showed the XRD patterns of white-colored samples obtained by calcining ¤-Al 2 O 3 nanopowders at different temperatures. The XRD pattern of the precursor powder is shown in Fig. 1(a In order to identify the gas involved in the nitridation ¤-Al 2 O 3 , the gas evolved during the nitridation reaction was analyzed by infra-red (IR) spectroscopy (Bio-Rad FTS-3000 MX Fourier transform IR spectrophotometer) using a 10-cm demountable IR gas cell with KRS-5 windows. IR spectra (Fig. 2 ) of the gas evolved at various temperatures revealed it to consist of CH 4 and carbon monoxide (CO). The peaks corresponding to HCN, which is a useful nitridizing reagent of Al 2 O 3 , 11)14) were not observed due to the very low content of CH 4 , considering that HCN is produced when N 2 , H 2 , and carbon-containing compounds are brought together at high temperatures. The increase in the intensity of the CO peak with increasing temperatures indicated that the nitridation rate of ¤-Al 2 O 3 increased at elevated temperatures. On the other hand, the intensities of the peaks corresponding to CH 4 decreased with increasing temperatures and completely disappeared at temperatures ²1300°C, indicating that the chemical species involved in the nitridation is not CH 4 but its decomposition product, i.e., gaseous carbon. The incomplete conversion of ¤-Al 2 O 3 nanopowder to AlN under a flow of 0.1 vol % CH 4 /N 2 indicated that gaseous carbon may diffuse into Al 2 O 3 lattices more slowly than the cyano radical.
The nitridation reaction of Al 2 O 3 under a flow of CH 4 /N 2 can be expressed as follows: Fig. 4(a) ].
These protrusions on the sapphire surface have been also observed in the nitridation by NH 3 . 4),6)8) Uchida et al. suggested that the protrusions were formed in order to release the strain energy due to the large lattice mismatch between the nitridated layer and the sapphire substrate. 4) A cross section TEM specimen of the nitridated sapphire was prepared by using an FIB. The cross-sectional TEM image Journal of the Ceramic Society of Japan 120 [9] 382-385 2012 [ Fig. 4(b) ] of the nitridated sapphire showed the formation of an interlayer between the AlN film and the sapphire substrate. The energy-dispersive X-ray spectrum of the interlayer revealed it to consist of aluminum, oxygen, and nitrogen elements. In order to characterize each layer in detail, the HRTEM image and SAED pattern were inspected. The HRTEM images of the AlN film and sapphire substrate in Fig. 5 showed the orientation relationship of AlN[0001]««Al 2 O 3 [0001] in the growth. To the best of our knowledge, this is the first example showing that the orientation relationship of AlN[0001]««Al 2 O 3 [0001] is also valid for the growth accompanied by the formation of an amorphous interlayer. The relationship has usually been observed for epitaxial growth of AlN on the sapphire substrate without the formation of any amorphous interlayer by using methods such as laser ablation of AlN target, 15) vapor-phase reaction of AlCl 3 with NH 3 , 16) and metalorganic chemical vapor deposition. 17) Vennéguès and Beaumont observed no amorphous interlayer in the nitridation of (0001) sapphire surface by NH 3 and also showed the orientation relationship. 10) No spot SAED pattern in Fig. 5 was observed for the interlayer between the AlN film and the sapphire substrate, indicating that the interlayer is amorphous with a chemical composition of AlO x N y (2x + 3y = 3). The amorphous interlayer can be assigned as reaction intermediates in the conversion of ¡-Al 2 O 3 to AlN.
Many efforts have been made to elucidate the reaction mechanism of reaction (1). 18)22) Identification of the intermediates, if they occur, provides a clue to elucidation of the reaction mechanism. For the conversion of AlO 4 sites in £-Al 2 O 3 to AlN, peaks assigned to reaction intermediates with AlO 4¹x N x (x = 1, 2, 3) sites have been identified by 27 Al magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. 22) However, up to now, no peaks assigned to reaction intermediates in the conversion of AlO 6 The formation of the amorphous layer was also reported in the exposure of sapphire to NH 3 . 4) In summary, the formation of the amorphous interlayer between the AlN film and the sapphire substrate led to the conclusion that Al 2 O 3 does not convert to AlN through gaseous intermediates but rather through solid-state intermediates in the CRN reaction. This study showed that the orientation relationship of AlN[0001]««Al 2 O 3 [0001] is valid for the growth of AlN film accompanied by the formation of an amorphous interlayer and that the nitridation under a flow of CH 4 /N 2 can be applied to the formation of a buffer layer to reduce the mismatch between GaN and the sapphire substrate. 
